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Abstract: A decision-support system for produced water management
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non-carcinogenic and carcinogenic pollutants, including radionuclides present
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1 Introduction
According to the International Association of Oil and Gas Producers (OGP) report, about
17 million m3 of produced water is produced daily worldwide in combined onshore
and offshore operations. This is equivalent to 120 million barrels of oil per day (OGP,
2004). Management of this huge volume of produced water in offshore developments in
conjunction with the crude oil and natural gas is a challenge for the industries. A number
of disposal options with benefits and impacts are discussed by Kuipers et al. (2004).
Common disposal options include produced water treatment (PWT), reinjection (PWRI)
and disposal (PWD). New methods are emerging for produced water treatment (Hayes
and Arthor, 2004). PWRI has been implemented or planned on several fields in Norway
where ‘zero harmful discharge to the sea’ is a goal set by the Parliament (NPD, 2004). In
many cases, discharge of produced water to the sea is an option that can be considered as
a part of sound management (OGP, 2005). It is not easy for the oil and gas industries to
make a decision about which disposal options to use because this necessitates a detailed
study of treatment methods, costing information and regulatory requirements.
The decisions that industries need to make are:
• how clean should the produced water be (design of the treatment facility) before
being discharged?
• should the produced water be treated? If so what is the best available technology
(BAT) for treatment?
• what are the alternative treatment technologies considering cost and removal?
• should produced water be reinjected into the wells?
• what is the risk involved to the marine organisms and humans if the produced
water is discharged into the ocean: in the short term; in the long term?
• what are the regulatory requirements before discharge and are they realistic
and sufficient?
DISSPROWM is being developed with the objective to address issues that are critical for
the offshore petroleum industry and also to make the tool applicable to industry in their
decision making to manage produced water in a cost effective and environmentally safe
manner. A schematic of DISSPROWM is shown in Figure 1. As shown in the figure,
it contains a comprehensive database with information on chemical properties, toxicity
and technology, dilution models, as well as information on best available treatment
technology applicable to offshore platforms. The components will be discussed in the
following sections.
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2 DISSPROWM database
Numerous studies have been conducted in the past on produced water contaminants, their
fate and transport in the marine environment, and the risk to ecology and human beings.
These studies have been compiled in many books and reports (e.g. CAPP, 2001; Ekins
et al., 2005; Neff, 2002; OGP, 2005; Ray and Engelhardt, 1992; Reed and Johnsen, 1996).
Chowdhury (2004) developed a Microsoft Access based database that contains common
produced water pollutants and their properties.
USGS developed a nationally produced water geochemistry database that contains
data from several US sites (Otton et al., 2003). Another water compositional database
has been recently completed by the Advanced Resources International, Inc. for the US
Department of Energy (NETL, 2006). A produced water management system was also
developed by Cather et al. (2003). This system is called the New Mexico Water and
Infrastructure Data System (NM WAIDS) and was developed for produced water-related
issues in southeast New Mexico. All the above databases contain local site-specific data
and may not be suitable for a generalised management of produced water.
In DISSPROWM, Chowdhury’s (2004) database has been expanded to cover
more chemicals and to include more properties and new entities. The database model
is shown in Figure 2. The database model has been normalised to third order form (3NF)
to eliminate redundancy and to improve data consistency and future enhancements.
Apart from the pollutants and pollutant properties, information on existing treatment
technologies, their applicability and cost in the offshore environment, information on the
regulatory requirements of produced water discharge, and monitoring requirements have
also been introduced.
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Figure 1 Schematic of the decision support system
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The database currently contains about 700 pollutants taken from about 2700 references.
The database has 36 important properties of produced water pollutants. Many of these
properties can have multiple values taken from different citations as shown in the screen
display presented in Figure 3. Figure 3 shows the various properties of pollutants and
units of measurements.
The database has been implemented on a Microsoft SQL Server 2000 database server.
The Graphical User Interface (GUI) of DISSPROWM integrates the database, initial
dilution model, dispersion model, and risk computation models, all of which, except the
dispersion model, have been developed with Microsoft Visual Basic. The dispersion
model has been developed with FORTRAN.
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Figure 2 Database model of DISSPROWM
11_Mohammed  18/2/07  10:45 pm  Page 4
Decision-support system for risk management of produced water 5
3 Features of DISSPROWM
DISSPROWM has the following characteristics and functionalities:
• It has a rich database containing produced water contaminants, treatment
technologies, case studies, costing, and regulatory guidelines.
• It integrates the database of produced water contaminants dispersion models with
risk computation models.
• It has interactive data entry for produced water contaminants and dispersion
model parameters.
• From a known concentration of produced water contaminates the system can
decide the best available technology (BAT), and its approximate cost. Based on the
extent of treatment, it is possible to estimate risk to fish and marine species and
human beings and hence a tradeoff between cost and risk can be developed.
Figure 3 Searching pollutant properties in the database
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As shown in the DISSPROWM flow chart (Figure 4), the system takes a series of user
input in sequence and decides the best available technology and risk to marine habitats
and human health. In addition to the best available technology, the system also selects
an alternate technology (i.e. the second best) based on the cost and treatment efficiency.
One of the data entry screens of DISSPROWM showing the toxicology data is shown in
Figure 5. These data are used in the risk computation and can be modified by DISSPROWM
users. Selection of pollutants and specifications of pollutant concentrations are done in
the previous two steps. DISSPROWM is a menu driven system with a common toolbar
for frequently used functionalities.
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Figure 4 Flow chart of the decision support system
Figure 5 Viewing and modifying toxicology data of pollutants in DISSPROWM
11_Mohammed  18/2/07  10:45 pm  Page 6
The Database menu is used to query, retrieve, export and print information from the
database. The Treatment menu is used to display suggested treatment technologies. The
Fate menu is used to compute the predicted environmental concentration (PEC), exposure
concentration and fish tissue concentrations. The Risk menu is used to compute hazards
and risks to fish, human and other marine species. The Report menu is used to generate
high quality reports for pollutants, references, treatment technologies and regulatory
requirements. DISSPROWM is also equipped with context sensitive help for users that
can be displayed using the Help menu or toolbar. The data entered for a particular problem
can be saved and retrieved later.
4 Regulations for produced water discharge
Produced water discharge regulations vary greatly from country to country (CAPP, 2001).
This is largely due to the experience of a country in dealing with oil and gas including
its particular societal values. Some of the more recently built oil and gas platforms
have relaxed regulations on produced water discharge while other platforms have very
strict regulations, and some follow zero discharge regulations. When considering these
regulations, we also have to look at the chemical concentration and toxicological
characteristics of the produced water which vary from place to place, as shown in Table 1.
Decision-support system for risk management of produced water 7
Table 1 Typical concentrations of different pollutants in different regions (Units are in g/l
otherwise stated
Parameter North sea (6 platforms) Gulf of Mexico Java Sea (6 platforms) Bass 
straits
Min Ave Max Min Ave Max Min Ave Max
As NR NR NR NR NR NR 1.5 4.7 9 1.5
Ba 12,000 27,430 42,100 NR NR NR NR NR NR NR
Cd 20 6670 10,000 0 27 98 ND 0.5 ND 5
Cr 0.05 13.2 40 0 186 390 7.5 124 185 5
Cu 2 128.8 600 0 104 1455 ND 5.2 ND 5
Fe 4 20.57 23 NR NR NR NR NR NR NR
Hg 1.9 4 9 NR NR NR 0.004 0.006 0.0012 0.044
Ni NR NR NR 0 192 1674 45 95 143 5
Pb 50 112.5 270 2 670 5700 12 193 260 23
Zn 0.26 47 200 17 170 1600 ND ND ND 30
Benzene 1417 4430 6853 2 1318 8722 69.3 1720 3000 24
Toluene 2174 2571 2947 60 1065 4902 90.8 650 1300 NR
Ethylbenzene 425 961 1503 26 68 110 26 41 56
Xylene 675 2201 3411 160 440 720 13 247 480
BTX 1100 15,740 66900 NR NR NR NR NR NR NR
Naphthalene 38 272 398 0 132 1179 8.4 35 99 1.6
Phenol 33 1934 5100 0 1049 3660 NR NR NT NR
226Ra (pCi/l) NR NR NR 4 262 584 NR NR NR NR
228Ra (pCi/l) NR NR NR 18 277 586 NR NR NR NR
Note: NR: data were not reported; ND: not detected; Min: Minimum; Ave: Average; Max: Maximum.
Source: Data compiled from Neff (2002); Roe et al. (1996); Smith et al. (1996); Stagg et al. (1996); and
Stephenson (1992).
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Table 2 shows the current regulatory requirements of produced water discharge standards
adopted by various countries. The best available technology adopted by these countries
is also shown in the table. The effluent limits shown are in mg/l of total oil and gas or
dispersed oil and gas as indicated in the table. These regulatory requirements are also
entered in the DISSPROWM Database.
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Table 2 Produced water treatment standards comparison
Country ‘BAT’ Effluent limits Monitoring Exception Routine 
requirements thresholds reporting
US Gas flotation 29 mg/l monthly avg. Total O&G Any exception Annual
42 mg/l daily max. Gravimetric
UK Gas flotation 40 ppm monthly avg. Dispersed O&G 100 ppm Monthly O&G
Hydrocyclone 30 ppm annual avg. 1/day composite O&G Annual
1/year comprehensive comprehensive
Norway Gas flotation 40 ppm monthly avg. Dispersed O&G 40 ppm Quarterly O&G
Hydrocyclone 1/day composite Monthly avg. Annual
O&G comprehensive
1/year comprehensive
Canada Not stated 40 ppm 30 day avg. Dispersed O&G Any exception Monthly
80 ppm 2 day avg. 21 day
Source: adapted from CAPP, 2001.
5 Risk to the marine environment from components of produced water
Some produced water pollutants, including petroleum hydrocarbons, metals, and
radionuclides, have the potential of being accumulated in fish tissue and other marine
organisms by a bioaccumulation process, although many studies have revealed that the
level of accumulation of these pollutants is very low in natural environments due to high
dilution rates (CAPP, 2001). In most cases, increases of tissue concentrations were too
small to measure.
The fate and effects of produced water discharge depends on the fate of the individual
components and how their concentrations change with time. Physical and chemical
mechanisms that determine fate are dilution, volatilisation, chemical reaction, adsorption
on suspended solids, and biodegradation (Stephenson et al., 1994). Dilution is mainly
thought of as occurring in two phases. There is the initial dilution or near-field phase
which occurs in the first few minutes, and the far dilution phase that happens several
hours later (Baumgartner et al., 1992, Brandsma et al., 1992).
Components of produced water have been classified in various ways by various
researchers. The main groups of contaminants that are of primary concern in produced
water are:
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• BTEX – monocyclic aromatic compounds: benzenes, toluene, ethylbenzene, and
xylene (ortho, meta, and para isomers)
• NPD – 2–3 ring aromatic compounds: naphthalene and phenanthrene and
dibenzothiphene, including their C1–C3 alkyl homologues
• PAHs –16 polycyclic aromatic hydrocarbons (3–6 ring compounds), listed by the
US Environment Protection Agency (Ekins et al., 2005)
• phenolic compounds – class of chemical compounds consisting of a hydroxyl
group (-OH) attached to an aromatic hydrocarbon group
• heavy metals – a group of elements between copper and lead on the periodic table
of the elements having atomic weights between 63.546 and 200.590 and specific
gravities greater than 4.0
• radionuclides – mainly isotopes of radium and lead.
Most of the aromatic hydrocarbons (BTEX, NPD, PAHs) and phenols are bioavailable to
marine species due to bioconcentration, bioaccumulation and biomagnification. These
compounds are therefore harmful to fish and humans. A number of heavy metals are also
toxic for humans and fish due to bioconcentration and biomagnification.
Radionuclides are very common constituents in produced water. The two isotopes
that are of main concern are 226Ra and 228Ra. They are more important because they are
highly soluble in water, and have the potential to bioaccumulate in marine organisms
(Hamilton et al., 1992).
In the DISSPROWM database, pollutants have been divided into 24 different
categories, namely alcohols, aldehydes and ketones, alkanes, BTEX, carboxylic acids,
chlorobenzenes, esters, ethers, halogenated hydrocarbons, hazardous air pollutant,
herbicides, hydrocarbons/alkanes, ions, MAHs (monoaromatic hydrocarbons), metals,
nitrogen and sulphur compounds, NPDs, PAHs, PCBs, PCDDs, PCDFs, phenolic
compounds, radionuclides (NORM) and solvents.
6 Dilution models
A number of dilution models (Huang et al. 1998; Lee and Cheung, 1991; Mukhtasor,
1991; Proni et al., 1996) have been summarised by Chowdhury (2004). Mukhtasor’s
model, which is a modified version of Huang et al.’s model (1998), has been used in
DISSPROWM. The model equations developed by Mukhtasor (2001) are as follows:
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(1)
(2)
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where: Sinitial centreline dilution; Qeffluent discharge (m3/s); Uambient water
velocity (m/s); Zheight of water surface from discharge point (m); lbvertical distance
at which effluent velocity reduced to ambient velocity (m); N(0,0.092)normally
distributed error term with mean 0 and standard deviation0.092.
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(3)
(4)
(5)
where: gacceleration due to gravity9.81 m/s2; aambient water density (kg/m
3);
effluent density (kg/m3).
In this equation, both the buoyancy dominated near field (BDNF) and buoyancy
dominated far field (BDFF) were connected through a transition zone model. This model
compared favourably with the models of Lee and Cheung (1991) and Huang et al. (1998).
Mukhtasor’s model was selected for two reasons:
• it gives a smoother more realistic result over the transition region
• predicted parameters of the model had good statistical agreement.
The near field mixing is applicable for deep-water conditions where a distinct buoyant jet
rises to the surface and dilution occurs as a result of turbulent jet entrainment (Jirka and
Lee, 1994).
7 Risk assessment methodology
Produced water contaminants pose potential risks to humans both for non-carcinogenic
and carcinogenic effects. The dominant pathway for uptake of pollutants is ingestion of
contaminated fish. Bioaccumulation of pollutants in the risk assessment equations used
in DISSPROWM is discussed in detail by Chowdhury (2004). A brief description of the
risk assessment methodology is given below.
The human health hazard for non-carcinogen is estimated as (Louvar and Louvar,
1998):
where: HQhazard quotient; RfDreference dose (mg/kg-day); and is stored in the
DISSPROWM database; CDIChronic daily intake (mg/kg-day) and is computed by
DISSPROWM (Chowdhury, 2004). The target organ depends on the pollutant and can be
the skin, liver, kidney, lungs, blood and the nervous, reproductive and immune systems.
where: FIRfish ingestion rate (g/day; according to USEPA (1996), FIR170); FR
fraction of fish from contaminated source (a value of 0.50 (50%) may be used); EF
exposure frequency (days/year; according to USEPA (1991), EF350 days; BW average
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human bodyweight over the exposure period (kg); 10–6resulted conversion factor for
fish tissue concentration and fish ingestion; 365conversion of averaging time from year
to days; Cfconcentration in fish tissue (g/kg of fish; given by Chowdhury, 2004).
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(6)
(7)
where: Feprratio between the weight of edible part to the weight of whole fish;
Wtweight of fish (kg). Wt is taken as the average weight of the fish during the exposure
period. In DISSPROWM this is computed from the initial weight of the fish and the fish
growth model suggested by Chowdhury (2004).
where: Wctotal accumulated contaminants in a fish (g). Wc is computed from the
exposure concentration (Cexp) of the pollutant, its bioconcentration factor, fraction of
lipid content of the fish and the weight of the fish as follows (Chowdhury, 2004):
(8)
where: CLconcentration of contaminant in lipid of a fish (g/kg); FLfraction of lipid
content in a fish (g/kg); BCFbioconcentration factor; Cexpexposure concentration
(g/l), which is computed from (Chowdhury, 2004):
(9)
where: Cexpexposure concentration for fish; pexposure probability; BAF
bioavailable fractionleaching factor multiplied by conversion factor. Both of these
parameters are stored in the DISSPROWM database. Cwpredicted environmental
concentration (PEC). It is predicted using Muktashor’s (2001) dilution model.
7.1 Computation of total hazard
The total hazard can be computed from individual hazards using the probability equations
(Louvar and Louvar, 1998). If E1, E2, E3, . . . En represents the events that cause hazards,
HQ1, HQ2, HQ3, . . . HQn, then the total hazard, also called hazard index (HI) is:
The above equation is based on the assumption that the target organ for all pollutants is
the same. If it is different for different pollutants, the hazard index is computed and
reported separately by DISSPROWM. Assuming the occurrence of exposure to each of
the contaminants is independent:
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can be computed by adding P(E3) with the result of                 This
procedure can be repeated to compute                                        This technique is incor-
porated with a small computer programming loop in DISSPROWM.
7.2 Risk computation for carcinogens
The human health risk for carcinogens is predicted by a modified version of Equation (6)
(Chowdhury, 2004):
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(10)
(11)
(12)
(13)
(14)
where: CDICchronic daily intake of carcinogen (mg/kg-day); EFexposure frequency
(days/year); EDexposure duration (years); ATAveraging time in days; for high human
development countries, the life expectancy77.1 years
The human risk of cancer from a pollutant is given by Chowdhury (2004):
where: CRcancer risk; CDICchronic daily intake of carcinogen (mg/kg-day);
SFslope factor (mg/kg-day)–1 of the pollutant that is a parameter in the database.
7.3 Radionuclide carcinogens
The cancer risk from radionuclide carcinogen is given by:
where: CRRADcancer risk from a radionuclide; ITtotal radionuclide intake (pCi) which
is given by Louvar and Louvar (1998) as:
where: GIgastrointestinal absorption factor. A value of 0.20 may be used.
Cfllraradionuclide concentration in the edible part of fish (pCi/kg) and is given by
Chowdhury (2004):
where: Cfllraradionuclide concentration in edible part (pCi/kg); Cboneradradionuclide
concentration in bone/shell/exoskeleton (pCi/kg); Wradtotal radionuclide accumulated
in fish (pCi); xedible part of a fish; y(Cbonerad / Cflrad).
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Like non-radionuclides (Equation 8), Wrad is computed from the bioconcentration
factor, exposure concentration and weight of fish as follows:
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(15)
7.4 Computation of total risk
The total risk can be computed from individual risk using the probability equations
as described earlier in this section. DISSPROWM computes fish tissue concentration
of pollutants at different times over the exposure period, lipid content, individual hazard
and the total hazard to fish. DISSPROWM also computes human carcinogenic risk from
assumed ingestion of contaminated fish. The parameters used for human risk assessment
are fish ingestion rate, exposure frequency, fraction of contaminated fish ingestion,
average human body weight, gastrointestinal adsorption factor and average human life
expectancy. The hazards to other marine species (molluscs, bivalves, crustaceans,
crustaceans larvae, echinoderms, sea star, amphipod, gastropods, gastropods larvae,
shrimp, rotifers, copepod, mysid, crab, polychaetes, polychaetes larvae, decapod, sea
urchin, oyster, mussels, phytoplankton, clams, pelecypod, annelids and algae) are under
development but can be assessed by comparing with the NOEC and LC50 values stored
in the database.
8 Produced water treatment technologies
Numerous studies have been done on treatment technologies, their applicability,
advantages, disadvantages, cost, commercial applications and other factors. Information
on produced water treatment technologies are scattered and are being continuously
compiled in the DISSPROWD database.
There are a large number of techniques that are already deployed to treat produced
water. The focus of this section is those advanced abatement techniques most likely to
be deployed to comply with the stricter regulatory requirements. In 1995 the American
Petroleum Institute, (API, 2000), made its recommendation on the Best Available
Technology for Produced Water Management on Offshore Gas and Oil Installations (New
Logic Research, 2003).
Significant technological advances have been made since 1995 including the
introduction of several treatment methods. A recent overview of treatment methods and
their applicability may be found in Hayes and Arthor (2004)
Several other commercial treatment methods are available in the market as shown in
Table 3. Most of these treatment technologies are stored in the DISSPROWM database.
A DISSPROWM screen showing the best available technology and alternate technology
is shown in Figure 6.
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Table 3 Types of technology available to treat produced water discharge (continued)
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9 Conclusions and recommendations
A tool for risk assessment for produced water discharges from the offshore oil and gas
industries is being developed. DISSPRWOM is very simple, but very easy and powerful.
It has very rich documentation and online help for all level of users. The authors are
continuously upgrading the database for new pollutants and toxicology data, new treatment
technology and costing information. It is planned to integrate a new hydrodynamic model
being developed by our team, risk assessment and risk management tools taking into
account data uncertainty and commercially available treatment technologies to manage
produced water in offshore oil and gas operations in cost-effective and environmentally
safe manners.
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